ABSTRACT
INTRODUCTION
In evolutionary terms, antimicrobial peptides are among the earliest molecu lar effectors of innate immunity and are found across diverse species (3) . Multiple families of molecules throughout the animal and plant kingdoms display similar modes of action ag ainst a wide range of bacteria, fungi and enveloped viruses. These families share several common properties including broad-spectrum antimicrobial activity and cationic charge at physiological pH. The activity of most antimicrobial peptides is a direct result of electrostatic binding with anionic moieties on the microbial membrane and ensuing membrane disruption, although other mechanisms have been proposed (23) .
Defensins are the most widely studied family of antimicrobial peptides. To date, there are over 80 different α -, β -and θ -defensins spanning numerous phyla (17, 33, 36) . Humans possess at least six α -defensins and two β -defensins, as well as many other antimicrobial peptides (Table 1 ). The αor classical defensins (19) are β -sheet structures that possess in vitro microbicidal activity at micromolar concentrations against gram-positive and gramnegative bacteria, fungi, yeast and enveloped viruses (13, 19, 32, 39, 41) . Two populations of α -defensins occur in humans: ( i ) human neutrophil peptides (HNPs) located in the azurophilic granules of the neutrophil where they constitute approximately 30% of the granule's total protein (18) and ( ii ) human defensins (HD-5 and HD-6) that have been localized in the secretory granules of the Paneth cells that are situated in the base of the crypts of the small intestine (29, 30) . More recently, human β -defensin-1 and -2 (HBD-1 and HBD-2), antimicrobial peptides with similar structure and function to the α -defensins, have been identified as effector molecules of the epithelial host defense system (27, 33) .
PURIFICATION TECHNIQUES
Several biochemical properties of antimicrobial peptides facilitate their isolation. They are readily and often selectively soluble in acidic solvents that denature many larger proteins. Aside from a small group of anionic antimicrobial peptides (4-6), most known antimicrobial peptides are cationic at neutral pH, which affords separation from the anionic molecules by ion-exchange matrices with positive-charge selectivity. By definition, antimicrobial peptides are less than 10 kDa, so they can be separated from larger proteins by molecular filtration or size exclusion chromatography. In addition, most peptides confer an amphipathic "sidedness" in solution by exhibiting a conformation that regionalizes hydrophobic side chains. This feature enables separation using organic (reverse-phase) solvents.
The following sections present a variety of protocols specifically adapted to one or more of these attributes.
Batch Separation
Batch purification can efficiently concentrate peptides of interest and is an effective means to separate antimicrobial peptides from other molecules. Thus, batch methods that require minimal prehandling of human fluids, cells or tissues are frequently used as primary modes of separation. Bodily fluids can be acidified to a 5%-10% acetic acid concentration that selectively denatures and precipitates many proteins but leaves cationic peptides in solution. Cells and tissues are homogenized by a hand-held blender or microtip sonicator in 1%-10% acetic acid. Selective precipitation of unwanted proteins can be further enhanced by adding organic solvents such as methanol (56) . To collect cationic peptides, clarified extracts can be adsorbed at neutral or mildly acidic pH onto weak cation-exchange matrices such as carboxymethyl (CM) resin (Macroprep ® support; Bio-Rad Laboratories, Hercules, CA, USA) or SepPak ® CM cartridges (Waters, Milford, MA, USA) (60) . Elution with 5%-10% acetic acid sufficiently protonates the matrix and dissociates the bound peptides. Alternatively, hydrophobic supports with straight-chain hydrocarbons ranging from C4 to C18 can retain amphipathic antimicrobial peptides from aqueous solutions (SepPak C4-C18). The retained peptides can be selectively batch-eluted with appropriately chosen mixtures of aqueous and organic solvents, for example, 40% acetonitrile in water (9, 14, 46, 47) . Recovered peptides from either technique can be further purified by gel chromatography.
Gel Chromatography and Electrophoresis
Gel filtration. Since antimicrobial peptides are small compared to most proteins, gel filtration (permeation) chromatography can be used as the first purification step for antimicrobial peptides, as diverse as those of frog (40) , fish (9), horse (11) and human (19) . Polyacrylamide matrices that separate molecules with an M r less than 1 0 000 (e.g., BioGel ® P-10; Bio-Rad Laboratories) have been most useful in antimicrobial peptide purification, and in some cases their selectivity is enhanced by additional interactions of antimicrobial peptides with the matrix, which delays their elution beyond that expected from size considerations alone. Many running buffers may be used, including sodium phosphate, sodium chloride, ammonium formate, acetic acid and urea-acetic acid. If the antimicrobial peptides lack tyrosine and tryptophan, monitoring of absorbance at less than 230 nm is necessary, and elution buffers that do not absorb at these wavelengths must be selected.
Analytical acid-urea polyacrylamide gel electrophoresis. Acid-urea polyacrylamide gel electrophoresis (AU-PAGE) resolves peptides and proteins based on their cationic charge density and is highly suited for the analysis of antimicrobial peptides (43) . Small peptides with a high concentration of basic residues migrate more cathodally than larger or less positively charged peptides and proteins. Electrophoresed samples are stained with Coomassie ® Brilliant Blue ® or silver stains and compared to known peptide standards ( Figure 1a) . The same system can be used to transfer peptides onto PVDF membranes in an acetic acid/ methanol buffer for Western blots or amino acid sequencing (60) .
Preparative AU-PAGE. Although a number of antimicrobial peptides are abundant or can be isolated from abundant source material, many others are scarce or come from less readily obtainable tissue. Preparative AU-PAGE was devised to efficiently separate antimicrobial peptides from scant sources (26, 51) . Acid-extracted samples are concentrated in a centrifugal evaporator and loaded onto a 12.5% polyacrylamide water-cooled preparative tube gel (Bio-Rad Laboratories) containing 5% acetic acid and 5 M urea. Samples are electrophoresed and eluted from the cathodal end of the tube gel with 5% acetic acid. Fractions are lyophilized, resuspended in 0.01% acetic acid and directly subjected to antimicrobial assays to determine which fractions contain active peptides. Such fractions can be pooled for further purification.
Tricine-SDS-PAGE. Schagger and von Jagow (45) devised a discontinuous SDS-PAGE system for the separation of proteins from 1 to 100 kDa. Superior resolution of proteins and peptides, especially between 3 and 20 kDa, is achieved by the use of tricine (instead of the standard glycine) as the trailing ion. Figure 1b shows reduced (with 50 mM DTT) and nonreduced fractions containing defensin that have been partially purified by BioGel P-10 gel permeation chromatography. Tricine-SDS-PAGE is also highly suited for electroblotting to 
HPLC
A high point in peptide purification technology, open-column, low-performance gel purification techniques were supplemented and sometimes replaced with HPLC. Two commonly used HPLC methods of particular value in the purification of antimicrobial peptides are cation-exchange and reversephase (RP) chromatography (50) . Peptides subjected to cation-exchange HPLC are bound under aqueous conditions and eluted on an increasing salt (e.g., NaCl) gradient. The disadvantages of cation-exchange HPLC are twofold: it has a lower resolving power than RP-HPLC, and fractionated samples require desalting before analyzing antimicrobial activity. The most commonly used RP-HPLC matrix uses supports to which C4-C18 hydrocarbons are bound and gradients of water-miscible organic solvents to elute in the reverse phase. RP-HPLC is often used to desalt and further purify heterogeneous fractions from cation-exchange HPLC. By monitoring absorbance at 205-220 nm and 280 nm, peak protein fractions can be collected, lyophilized and subjected to antimicrobial assays.
Mass Spectral Analysis
Besides the conventional mass spectral analysis of purified peptides, typically using electrospray mass spectroscopy or MALDI-TOF mass spectroscopy, several groups have devised methods to analyze unfractionated extracts and secretions. Kuwata and colleagues (31) have evaluated the in vivo generation of lactoferricin derived from ingested bovine lactoferrin by surfaceenhanced laser desorption/ionization (SELDI). SELDI was used in the affinity mass spectrometry operational mode to detect and quantify lactoferricin directly from unfractionated gastric contents using a chemically defined ligand with a terminal n-butyl group to affinity-capture lactoferricin. By this method, they were able to detect and quantify lactoferricin directly after collection of unfractionated gastric contents recovered 10 min after ingestion of bovine lactoferrin. The captured lactoferricin was then confirmed by MALDI-TOF. Another group directly applied MALDI-TOF to total hemolymph from individual Drosophila before and after bacterial challenge (59). They were able to detect 24 induced molecules, four of which were known antimicrobial peptides. These techniques will soon be adopted by researchers of higher eukaryotes to study the antimicrobial components of whole cells, tissues and fluids.
Optimal Storage Conditions and Working Solutions
Many antimicrobial peptides are stable under extreme conditions such as high heat and low pH. To aid in the initial purification, some researchers have boiled crude samples and extracts in 5%-10% acetic acid to denature most other peptides and proteins (15) . Therefore, the storage conditions are rarely a concern, and many peptides are stored at 4°C for extended periods of time without losing potency. All of the known human antimicrobial peptides can be stored and diluted in a weakly acidic solution such as 0.01% acetic acid (pH 3.5-4.0) that effectively dissolves the cationic proteins at high concentrations (1-10 mg/mL) and reduces the chance of proteolytic digestion.
ANTIMICROBIAL ASSAYS
Many robust techniques have been specifically developed or modified to analyze the antimicrobial activity of peptides. Each method clearly has advantages and disadvantages that should be carefully considered, many of which depend on the abundance and relative purity of the sample.
Radial Diffusion Assay
Peak fractions are tested for antimicrobial activity throughout the process of purification. The most sensitive and reproducible technique is the radial diffusion assay (RDA) that tests the effect of peptides on immobilized microorganisms (34, 54) . Target microbes are grown to mid log phase and suspended in low electroendoosmotic (EEO) agarose (Sigma, St. Louis, MO, USA) that is minimally supplemented with trypticase soy broth (typically at a 1:100 dilution). The use of low-EEO agarose is crucial in these assays to prevent cationic peptides from electrostatically interacting with the agarose matrix.
Using a modified Ouchterlony punch, 3-mm wells are cut in the agarose, and 5 µ L test material are deposited into each well. Subsequent incubation at 37°C for 3 h allows the peptides and proteins to diffuse outward from the well and interact with the entrapped microbes. Since the limited nutrients within the underlay will only allow 6-8 microbial doublings (54), a nutrient-rich molten agarose layer is then poured on top of the plate, allowed to harden and incubated overnight to allow growth of surviving microbes. Zones of clearance can be observed the following day and represent areas in which microbes have lost their ability to grow into visible colonies, despite the eventual decrease in the concentration of test substance as it diffuses away from the well (Figure 2) . By measuring the diameter of each zone under 10 × magnification and comparing it to known antimicrobial standards, the RDA is readily quantifiable in conventional units: radial diffusion units (RDU) = [zone of inhibition (in mm) -well diameter (in mm)] ×10. Immobilization of the target organism prevents microbial aggregates that may influence colony-counting assays. However, the major disadvantage of the RDA is that it can only measure the activity of readily diffusible molecules. This generally does not pose a problem when analyzing fractions with one to several peptides. However, the activity of complex samples and whole biological fluids may not be accurately represented because of the differential diffusion rates of the components.
Gel Overlay Assay
The gel overlay can analyze complex extracts or secretions by first separating the sample by AU-PAGE and subsequently imprinting the gel on top of a microbe-laden agarose layer (34, 54) . The concepts of identifying activity are quite similar to the RDA-peptides diffuse into an agarose layer, exert their microbicidal effect on the immobilized microbes and clear zones of inhibition are noted following an overnight incubation. Comparing the number and relative position of the microbe-free zones with Coomassie-stained duplicate gels can help identify the most active molecules ( Figure 3 ). Single bands of interest can be excised, acid-extracted (acetic or formic acid) or electroblotted onto PVDF membranes and submitted for peptide microsequencing. A minor drawback of the gel overlay technique is that substantially more sample is required than in the RDA. The latter problem is compounded by the loss of peptide caused by buffer washes that are necessary to leach acetic acid and urea (substances that in high concentrations are toxic to microbes) from the polyacrylamide gel before overlaying onto the microbial lawn. In addition, it may be difficult to attribute activity when several bands migrate in close proximity to one another in AU-PAGE. However, the ability of the gel overlay assay to identify active components directly from whole fluids significantly outweighs these shortcomings.
Review
Both the RDA and the gel overlay permit analysis in a variety of buffer conditions. Under the most permissive conditions (e.g., 10 mM sodium phosphate, pH 7.4), many peptides express antimicrobial activity. The addition of physiological concentrations of salt (100-200 mM NaCl) and divalent cations (1 mM MgSO 4 and 1 mM CaCl 2 ) greatly reduces the observed number of microbicidal peptides and proteins. The investigator can thus optimize the conditions of both the RDA and gel overlay assay to answer specific biological questions.
CFU Assay
The colony-forming unit (CFU) assay has been regarded as the "goldstandard" antimicrobial assay. CFU assays may be used to test single peptides (60) , combinations of peptides (20) and whole biological fluids (8, 10) . In short, microbes are grown to mid log phase, diluted to working concentrations and incubated with test peptide. Alternatively, high concentrations of microbes can be added directly to whole biological fluids to test the natural activity of the native secretions. In each instance, aliquots are removed at defined timepoints (0-24 h) and spread onto nutrient-rich agar plates. After the plates are incubated long enough to permit visible colony growth, the colonies are counted to determine antimicrobial activity. Control incubations that substitute the peptide-free solvent for the peptide solution are used for comparison.
Although the CFU assay requires less material than the microbroth dilution assay, the conventional method still consumes 25-30 µ L per reaction, an almost sixfold increase over the RDA. To minimize the consumption of scarce materials, a recent modification of the CFU assay uses 1 µ L biological fluids per reaction (10). The 1-µ L combined volume of bacteria and test substance are premixed and added underneath 1.5 µ L liquid wax to prevent evaporation. The entire reaction is incubated at 37°C and is then spread onto nutrient agar at defined timepoints. The colonies are counted and analyzed as before. The results from the CFU microassays are comparable to the larger CFU assays (10) .
The CFU assay has the advantage that it measures the total activity of whole fluids without the dilution or separation that is associated with the RDA and gel overlay. However, since the bacteria are free to interact with one another, both single microbes and aggregates are measured as one colony. Thus, when microbes are aggregated, the peptide's bactericidal and bacteriostatic activities could be overestimated as with any liquid media-based analysis.
Modified NCCLS Microbroth Dilution Assay
The National Committee for Clinical Laboratory Standards' (NCCLS) conventional microbroth dilution method was devised to accommodate large numbers of samples through the use of 96-well microplates (approved standard M7-A3; NCCLS, Villanova, PA, USA). The microbroth method was adapted to antimicrobial peptide testing by modifying the medium so it does not interfere with the activity of the peptide (54) . After twofold serial dilutions of test peptide in media and the addition of microbial inoculum to each well, the assay is incubated at 37°C overnight. Microbial growth is detected by measuring OD 600 the following day, and the lowest peptide concentration that inhibited bacterial growth is designated as the minimal inhibitory concentration (MIC). If desired, the subsequent dilution and plating of each well onto nutrient agar allows quantitation of the number of CFUs. The peptide concentration at which no detectable microbial growth occurs when plated is the minimal bactericidal concentration (MBC). The sensitivity of the assay relies in part on the NCCLS-recommended Mueller Hinton Broth, which has low concentrations of the inhibitory divalent cations magnesium and calcium. The addition of 0.1% human serum albumin prevents peptide adherence to the plastic well, and preparing 10 ×concentrations of peptide in 0.01% acetic acid enables cationic peptides to remain in solution at final concentrations up to the NC -CLS standard of 512 µ g/mL. Additionally, polypropylene microplates have been used in conjunction with human Figure 3 . Gel overlay analysis. Multiple microbicidal components were identified when acetic acid-extracted nasal fluid was subjected to gel overlay analysis. Groups of (poly)peptides that confer antimicrobial activity are identified in a duplicate Coomassie-stained AU polyacrylamide gel when compared to the zones of clearing in E. coli (EC, middle panel) and Listeria monocytogenes (LM, right panel) overlays. Gel overlays were performed in 100 mM NaCl and 10 mM sodium phosphate, pH 7.4. Note that the detection of active antimicrobials within nasal fluid depended on the target microbe. serum albumin to reduce peptide adherence to the well (54) .
Although microbroth dilution is the standard assay for growth inhibition, it can require up to 10 times more peptide than the RDA and does not allow analysis of whole biological fluids. Therefore, this assay is often reserved for testing abundant and pure peptides either alone or in combination with other peptides and antibiotics (7, 20, 61) . A major disadvantage of microbroth dilution is that the MIC and MBC are endpoint measurements. If an inoculum of 10 6 microbes/well were reduced to zero at any time during the incubation, then the final result would indicate no growth for that concentration. However, if just one microbe survives and multiplies during the remaining time of incubation, a falsely high MIC may be inferred. Measuring the MIC and MBC at intermediate timepoints would obviate this problem but would require additional sample and labor.
Alternative Assays
Investigators have recently recognized that activity measurements with standard antimicrobial techniques should be supplemented by assays that test other endpoints in addition to colony growth. We have shown that lysozyme can induce spheroplast formation in Pseudomonas aeruginosaand E. coli(unpublished observations). If subjected to an assay that immobilizes the bacteria, preventing mechanical and osmotic stress, then the bacteria can recover and proliferate. However, if the damaged bacteria are spread onto agar plates in a CFU assay, they do not recover. To confirm these results, we used assays that determined bacterial viability through the analysis of metabolic function, either by measuring the color intensity of a tetrazolium salt reduced by bacterial metabolites (55) or by evaluating the incorporation of 14 C-labeled leucine into macromolecules. Alternatively, other groups have measured viability in live bacteria by optically determining the amount of resazurin, a redox-sensitive fluorescent indicator (52) , or quantifying luminescence in bacteria expressing the Vibrio fischeri luminescence genes (57, 58) . These newer methods are readily automated and could greatly facilitate screening for new antimicrobial peptides.
FUTURE IMPLICATIONS: THERAPEUTIC DEVELOPMENT
Cationic antimicrobial peptides are recognized as an important component of innate host defense in humans and most other species tested. As potential therapeutics, they possess several desirable properties, including the ability to swiftly kill a broad spectrum of microorganisms while developing a low level of in vitro microbial resistance (22) . In addition, strains of microbes that have developed resistance to conventional antibiotics remain sensitive to antimicrobial peptides. Many peptides can also neutralize the ability of lipopolysaccharides to elicit cytokine release from macrophages and other host defense cells and thus may protect against lipopolysaccharide-induced septic shock. In experimental animals, antimicrobial peptides protect them against both topical and systemic infections either alone or in synergy with conventional antibiotics. More recently, these peptides have entered clinical trials as agents for topical therapy of microbial infections. The ongoing discovery and development of potent peptide-based microbicides are promising strategies in the struggle against increasingly resistant pathogenic microbes.
